We propose to use a 1-atom-thick structure, i.e., a single graphene sheet for the dynamic control of an Airy plasmon (AiP). The graphene layer serves not only as the guiding medium but also as the modulator for the AiP. By altering the external biased voltage, the effective mode index for surface plasmon waves can be modified. Consequently, the deflection and the propagation distance of the AiP are controlled dynamically. Due to the advantages of graphene plasmons, graphene AiPs may lead to compact and flexible AiP devices. This paper could be also beneficial to relevant applications such as tunable plasmonic optical routing and on-chip signal processing.
Introduction
Airy beam (AiB), one of the diffraction-free beams, has attracted intense attention due to its unique properties, such as self-accelerating [1] , self-healing [2] and diffraction free propagation. Since it was predicted [1] and observed [3] in optics in 2007, intensive studies have been carried out to explore varieties of AiBs in free space, such as continuous AiBs [3] , pulsed AiBs [4] and Airy-Bessel light bullet [5] . Very recently, the concept of AiBs have been extended from 3D free space to 2D surface, i.e., Airy plasmon (AiP), with both theoretical prediction [6] and experimental realization [7] , [8] . Airy-type waves are considered as the only possible class of nondiffracting waves supported by metal planar systems comparing to the other diffraction free beams in free space, such as Bessel beams and Mathieu beams [9] . Therefore, Airy plasmon is expected to find promising applications in subwavelength scale, such as on-chip signal processing and nano-particles trapping [10] .
Airy plasmon inherits many peculiar features from its free-space version like self-accelerating and self-healing. At the same time, it also possesses advantages in surface plasmons, such as subwavelength energy scaling. Therefore, it is strongly desirable to achieve pre-designed trajectories of Airy plasmons for the purpose of compact optical signal processing systems or controllable plasmonic energy routing [11] . Many efforts have been involved in engineering the trajectories of Airy plasmons, such as by tuning the linear optical potentials [12] , [13] or tuning the excitation source of Airy plasmons in real time [14] . Usually, the linear optical potential is considered as an effective means to regulate Airy plasmons [15] . However, it is difficult to realize the dynamically tunable linear optical potential on metal surfaces. Another option to control the trajectories of Airy plasmons is to modify the dispersion property of the noble metal that supports the plasmonic waves, the propagation constant of which will be varied consequently. But for traditional plasmonic materials like noble metals, varying dispersion relation or adjusting damping constant of material are nearly forbidden.
Lately, graphene plasmons are rapidly emerging as a viable tool for fast electrical manipulation of light. In comparison with the conventional plasmonics in noble metals, graphene can realize higher degree of spatial confinement with relatively low bending or radiation loss [16] , alongside the large nonlinear response. Therefore, graphene plasmons holds promises for compact photonic devices with very fast response time. As a one-atom-thick platform, flexible graphene layer is also able to guide plasmon waves along a curved surface [16] . Especially, highly doped graphene has been found as a powerful plasmonic material that combines the promising features aforementioned with the capability of being electrically tuning. Once the graphene layer is applied with biased voltages, the chemical potential of electrons as well as the conductivity of graphene surface will be dynamically changed, resulting in tunable propagation constant of the supported plasmons [17] , [18] .
With highly doped graphene, the optical propagation constant can be tuned easily with applied voltage. As a result, the propagation properties of Airy plasmon on graphene, such as the trajectories, effective propagation distance can be reasonably varied via the applied electric field. The tunable Airy plasmon on graphene will pave a way to many unprecedented applications, such as tunable optical energy routing, nanoparticles trapping or manipulation etc. In this paper, we will demonstrate graphene as a good platform to achieve the tunable Airy plasmon. By adjusting the applied voltage, a free standing graphene layer can act as a guiding medium as well as a modulator for Airy plasmon. Theoretical and numerical analysis showed that the propagation properties of Airy plasmon, e.g., the propagation constant, deflection and propagation distance of its main lobe, are also very sensitive to conductivity of graphene.
The Surface Conductivity of Graphene
Generally, graphene's optical conductivity is attributed to two parts, i.e., the intraband and interband electronic transitions, which can be derived from the Kubo formalisms [19] , [20] :
Both intraband and interband contributions depend on the angular frequency ð!Þ, temperature ðT Þ, the relaxation time ðÞ, and the chemical potential ð c Þ. k B , h and e represent the Boltzmann's constant, the reduced Planck's constant, and the charge of the electron (the natural logarithm is written as e NL for clarity), respectively. j ¼ ffiffiffiffiffiffi ffi À1 p
. Among these parameters, the chemical potential c is the most popular one to achieve tunability since it strongly depends on the external electric field, which can be considered as the difference between V g and the voltage offset, i.e., jV g À V Dirac j. This difference is also defined as the applied biased voltage, V biased . Thus, the chemical potential c is electrically tunable and can be defined as
where the Fermi velocity of Dirac fermions in graphene F ¼ 0:9 Â 10 6 m/s, and % 9 Â 10 16 m À2 V À1 (reckoned from a capacitor model [21] ). To obtain a reasonable value of c , V biased is varied between 0.1 V and 1.5 V in this paper, and the corresponding c thus changes from 99.6 meV to 385.8 meV. In this model, we didn't consider any negative voltage value of c since is axisymmetric at c ¼ 0 [19] . Other constants in (1) and (2) 
983 THz ð 0 ¼ 12 mÞ. Fig. 1(a) shows the real and imaginary parts of conductivity, , as a function of V biased . The real part experiences a sudden drop at a voltage of $0.027 V, where a peak value appears for the imaginary part. This is attributed to the interband absorption with the chemical potential reaching the value of j c j ¼ ! h=2 ¼ 51:67 meV [19] . When the biased voltage is below 0.027 V, realðÞ stays around the universal value of graphene, i.e., e 2 =2 h % 0:06085 mS/m; when the biased voltage exceeds 0.027 V, realðÞ increases steadily with the increased V biased (the inset of Fig. 1(a) ), which is suitable for tuning.
As illustrated in Fig. 1(b) , we consider the propagation of a monochromatic TM-polarized surface plasmon waves (SP waves) along the surface of a free standing graphene at z ¼ 0, towards the direction of x þ. The propagation constant is expressed as 2 [18] (k 0 and 0 are wave number and intrinsic impedance for free space). To simulate the propagation of SPPs on graphene, the Huygens-Fresnel principle for SPPs is employed, which can be briefly described as [22] , [23] 
where 
is the vectorial surface plasmon propagator, ¼ ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi ffi an exponential apodization function [3] , the intensity value of the AiP at a certain distance can be described by the convolution between the initial field distribution and the propagator:
As stated previously, we assume that SP waves are excited by a 0 ¼ 12 m incident light. To give an example, we set V biased to 0.3 V. As a result, the corresponding chemical potential and complex conductivity are c ¼ 173 meV and ¼ 0:0018 À i0:1174 mS/m, respectively. For such a value of conductivity, the propagation constant of graphene AiP is ¼ k 0 ð45:1728 À i0:6963Þ, thus the wavelength and the effective SP wave index are spp ¼ 265:6 nm and n spp ¼ 45:1728. The apodization and scaled factors of all the Airy plasmon beams are fixed to a ¼ 0:11 and y 0 ¼ 0:4 m, which are taken from [1] . In part 3, we will calculate the intensity distributions of the AiP with these parameters.
It should also be noted that three steps should be considered to achieve tunable Airy plasmons on graphene, including the generation, the phase modulation (i.e. the generation of the Airy-type plasmons) and the tuning of the graphene plasmons. Generally, graphene plasmons can be excited by illuminating the sharp tip of an atomic force microscope [24] , compressed surface polaritons in tapered structures [25] , light and sound interplay [26] or guided-mode resonances [27] . The modulation of graphene plasmons can be achieved by the etched dielectric grating beneath the graphene film [28] . For simplicity, the generation and modulation of graphene plasmons can be accomplished simultaneously with one kind of structure, which is similar to that in [8] . Finally, by depositing the metal electrode on the edge of the graphene [28] , voltages can be applied for tuning, which results in the varied propagation constant and trajectories of the Airy plasmon.
Simulation Results
According to (4), the intensity distribution of AiP should be a composition of individual electric components in three x -, y -, and z-directions, i.e., I ¼ jE
For clarity, these three intensity components are plotted as density mapping respectively in Fig. 2 . It clearly shows the intensity profiles of jE SP x j 2 and jE SP z j 2 are very similar and their amplitudes are comparable as well. The y component in Fig. 2(b) , however, is two-order smaller than the other two components in intensity. Similar phenomenon is also observed in [22] . Fig. 2 also shows the y component keeps an inverse phase with x and z components at the beginning point of propagation, then a main lobe of y component is formed gradually as SPPs propagate due to the constructive interference of side lobes' y -components. However, the y -main lobe has no obvious influence on the final superposition results due to its negligible amplitude.
We further investigate the dynamic control of AiP by changing the biased voltages. Fig. 3(a) -(c) show the field intensity distribution of Airy plasmon with various biased voltages. With the apodization of the wave aperture, the initial surface plasmon fields with Airy distribution on graphene transform into Airy plasmons that propagate along x -direction. One remarkable observation is that the main lobe of the AiP beams deflects faster from the initial starting point as the biased voltage becomes higher. This is due to variation of spp of AiPs. As V biased increases, realðÞ and n spp will increase as well [see inset of Figs. 1(a) and 5(b)]. As a result, spp ¼ 0 =n spp will become larger accordingly. As shown in [3] , the deflection in y direction is proportional to 2 spp . Therefore, AiP has a larger velocity of transverse deflection with higher voltage applied. The other obvious phenomenon is the variation of beam propagation distance, i.e., the effective propagation distance (EPD), defined as the distance when the intensity of the main lobe decreases to 1=e of initial intensity. We can see from Fig. 3(a) -(c) that the EPDs reduce dramatically as V biased increases. Fig. 3(d) shows the evolution of trajectories of AiP's main lobe when V biased increases from 0.3 to 0.8 V, which further confirms our observations. Fig. 4 shows the extreme tuning of AiPs at two extreme voltages of 0.1 and 1.5 V. 0.1 V is slightly above the inflection point of realðÞ in Fig. 1(a) . The deflection of the trajectory becomes quite small, as depicted in Fig. 4(a) , which is again due to the decreased spp . While 1.5 V almost reaches the highest voltage at which the parabolic profile of the main lobe is held, as shown in Fig. 4(b) , AiP experiences a large acceleration of transverse deflection. As known, a larger deflection requires more side lobes interaction. However in our case, since the aperture is given, the number of the exposed side lobes is almost a constant. Therefore, the main lobe of the AiP with larger deflection is slightly distorted. We also provide a movie file shows the continuous variation of graphene based AiP (Media 1) in the range of 0.1-1.5 V. In order to provide an intuitive comparison, trajectories of main lobes in AiPs on graphene and AiBs in free space with the same wavelength are illustrated in Fig. 5(a) . We can see that trajectories in AiP on graphene show the considerable coincidence with standard parabolic trajectories of AiB, especially for a short propagation distance ð0 m G x G 5 mÞ. At a low voltage, graphene based AiP is nearly identical with free space AiB, while at a large voltage, deviation between them become obvious. Such a deviation is also observed in [7] . This phenomenon can be interpreted as a result of the change in the condition of paraxial approximation, which is ay 2 0 ) ln2= 2 [6] . In order to explain this trend more clearly, the relation of the effective mode index n spp ¼ =k 0 , spp , and V biased are plotted in Fig. 5(b) . As aforementioned, n spp decreases with the increased V biased , which will inflate the right side of the inequality. Therefore, for high voltages, the paraxial approximation won't be completely fulfilled, which leads to a more obvious deviation from the theoretical parabolic trajectories. Fig. 5 (b) also shows that spp can cover the whole visible range by choosing suitable operating wavelengths.
Conclusion
In conclusion, we have demonstrated the manipulation of Airy plasmons through the platform of a single graphene sheet. The propagation properties of AiPs, such as deflection and propagation distance, can be dynamically tuned by applying different voltages in a small range. Besides the tunability, the uniqueness of graphene based Airy plasmon is that Airy plasmon could have much better confinement, little bending and radiation loss, which may lead to parallel-and independent-signal processing, compact and flexible Airy plasmon devices. Our method can be considered as a universal way to control the transverse accelerating surface plasmons on graphene. 
